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ABSTRACT 


This  report  presents  the  results  of  scuffing  studies  conducted  on  the  AFAPL  disk  tester  developed  earlier.  A 
total  of  90  tests  were  conducted  using  AMS  6260  CEVM  steel  disks  and  a  MIL-L-7808G  lubricant  at  various  combi¬ 
nations  of  sliding  and  sum  velocities,  at  two  lubricant  jet  temperatures,  with  two  methods  of  driving  the  test  disks, 
and  in  air  and  inert  environments.  The  load-carrying  capacity  is  seen  to  decrease  with  increasing  sliding  velocity, 
increase  with  increasing  sum  velocity,  decrease  with  increasing  lubricant  jet  temperature,  decrease  with  belted  as 
against  unbelted  drive,  and  decrease  in  the  presence  of  an  inert  environment.  The  variations  of  the  critical  tempera¬ 
ture,  the  minimum  lubricant  film  thickness  ratio  at  failure,  and  the  friction  coefficient  at  failure  with  respect  to  the 
variables  investigated  are  presented  and  discussed. 
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SECTION  I 


INTRODUCTION 


1.  General 

In  a  previous  report/*^*  the  authors  deseiibed  in  detail  a  disk  tester  for  gear  lubrication  research,  designed  and 
developed  by  Southwest  Research  Institute  (SvvRI)  for  the  Air  Force  Aero  Propulsion  Laboratory  (AFAPL).  Also 
included  m  that  report  were  the  results  of  some  preliminary  scuffing  tests  conducted  using  the  new  tester.  These 
tests  were  considered  preliminary  because  operating  procedures  were  being  developed  for  the  tester  as  data  were 
being  collected,  and  the  machine  operator  was  gaming  experience  in  test  control  and  scuffing  failure  detection.  In 
addition,  the  torquemeters  used  in  the  earlier  tests  had  a  capacity  that  was  too  large  compared  with  the  reaction 
to.qucs  that  were  being  observed  on  the  disk  shafts  These  torquemeters  have  since  been  replaced  with  ones  of 
smaller  capacity.  As  will  be  seen  later,  the  new  t<  quemeters  have  considerably  improved  the  accuracy  in  the 
determination  of  the  disk  friction. 

This  report  presents  the  results  of  a  program  conducted  using  the  AFAPL  disk  tester  to  determine  the  effects 
of  sliding  velocity,  sum  velocity,  lubricant  jet  temperature,  and  environmental  atmosphere  on  the  scuffing  pile 
nomena  ol  disks  made  from  a  typical  geai  steel  (AMS  6260)  and  lubricated  with  a  common  synthi  tic  gas  turbine 
engine  lubricant  (MIL-L-7808G).  In  addition,  the  results  of  new  machine  loss  and  tempcratuie  calibrations  used  in 
the  calculation  of  the  test  results  arc  also  presented. 

2.  Experimental  and  Analytical  Approach 

The  philosophy  of  SwRI’s  approach  to  the  scuffing  problem  has  been  dealt  with  previously/1 1  hi  icily .  u  is 
felt  that  even  though  the  load-carrying  capacity  is  ultimately  the  quantity  of  most  practical  interest  to  designcis.  it  is 
not  a  fundamental  quantity  that  governs  the  scuffing  process.  This  is  evident  from  the  lack  of  direct  coriola 
tion  of  the  load-cairying  capacity  data  from  the  various  test  devices  and  test  methods.  To  find  a  more  rational 
means  of  lubricant  selection  and  gear  performance  prediction,  scuffing  studies  at  SwRl  have  concentrated  on  the 
evaluation  of  more  fundamental  approaches,  such  as  the  ciitical  temperature  hypothesis/-  ^  the  elastohydro- 
dynamie  (BHD)  film  thickness  theory/4^  and  other  possible  criteria. 

With  appropriate  instrumentation  on  the  disk  tester,  the  quantities  necessary  lor  input  to  the  expressions  fui 
critical  temperature  and  minimum  LI  ID  film  thickness  are  measured  and  these  two  quantities  calculated.  Then  the 
behavior  of  these  quantities  with  slid,  operating  conditions  as  speed,  lubricant  temperature,  and  environmental 
atmosphere,  etc.,  can  be  examined  and  evaluated. 

The  relationships  used  for  the  calculation  of  critical  temperature  and  LHD  film  thickness  were  presented  m 
detail  in  the  earlier  report/ 1 ) 


'Superscript  numbers  in  parentheses  rcler  to  the  list  of  Relerences  .it  the  end  ol  ihis  report. 


SECTION  II 

TEST  APPARATUS 


1.  General 

A  complete  description  of  the  AI'AI’L  disk  tester,  together  with  test  disk  geometry,  the  instrumentation,  the 
calibration  and  operating  procedures,  was  presented  in  Reference  1 . 

Two  major  changes  in  the  lest  equipment  were  introduced  during  this  reporting  period.  One  was  the  replace¬ 
ment  of  the  two  2000-in.-lb  torquemeters  with  two  500-in. -lb  torquemeters.  The  500-in. -lb  torquemeter  capacity 
was  selected  so  as  to  improve  the  accuracy  in  the  measurement  of  the  reaction  torques  on  the  two  shafts,  from 
which  the  disk  friction  torque  must  be  derived.  The  leaction  toiques  encountered  in  the  progium  ranged  from 
approximately  25  to  250  in.-lb.  The  500-in. -lb  capacity  was  the  smallest  capacity  available  that  would  satisfy  the 
other  application  requirements. 

The  other  change  vv„s  the  provision  foi  an  alternative  dove  system,  which  is  described  in  the  following  section. 

2.  Unbelted  and  Belted  Drive  Systems 

As  originally  designed,  the  upper  disk  of  the  AI'AI’L  disk  testei  is  driven  by  a  motor,  and  the  lower  disk  is 
connected  to  a  moto. /brake  unit  that  can  hold  the  lowei  disk  at  any  speed  equal  to  or  different  from  that  of  the 
upper  disk.  With  independent,  stepless  sjeed  contiols  on  the  motoi  and  motor/brake  units,  any  combination  of 
sliding  and  sum  velocities  can  icadily  be  obtained.  This  is  a  highly  desiiable  feature  for  a  research  apparatus  intended 
to  cover  a  wide  range  of  sliding  to  sum  velocity  tatios. 

A  more  conventional  typ"  of 
diive  system  is  one  in  which  the 
two  disk  shafts  are  connected  by 
either  phase  gears,  or  bells  and  pul¬ 
leys.  With  this  arrangement,  the 
sliding  to  sum  velocity  ratio  is 
fixed.  Thus,  each  lime  a  different 
sliding  to  sum  velocity  ratio  is  de- 
siied,  the  phase  gear  ratio  or  pulley 
diameter  ratio  must  be  changed. 
This  type  of  drive  system  is  less  vci- 
satile:  however,  it  is  the  type  moie 
commonly  used  in  geai  Itibricalion 
and  scuffing  research. 

In  ordei  to  detciminc 
whether  there  would  be  a  differ¬ 
ence  m  results  if  the  disk  tester 
weie  opeiated  in  the  conventional 
as  compared  with  the  intended  mannci.  a  pulley  and  liming  bell  .u  uigcmeni  was  devised  to  *gcui"  the  twoshalls 
together,  figure  I  is  a  phologiaph  ol  this  belted  diive  system.  Hi. on.  I.  he  belling  aiiangcmcnt  shown,  a  motoi 
drives  the  lower  shaft  which,  in  turn,  doves  a  dncction-reversing  gcaibos  w  .!>  a  2.1  gear  i .it to.  The  pulley  on  the 
output  side  of  the  ge.uhox  then  diivcs  the  uppei  shall.  By  changing  the  pulley  si. .  various  combinations  ol  sliding 
and  sum  velocities  cin  be  obtained.  The  quite  iiiteiesting  difleieiicc  in  icsults  obtained  by  updating  the  tester  in 
these  two  ways  is  discussed  laid. 


FIGURE  I.  THE  BELTED  DRIVE  SYSTEM 


SECTION  III 

IMPROVED  CALIBRATION  RESULTS 


1.  Improved  Machine  Loss  Calibration 

After  the  new  torquemeters  were  installed,  a  second  machine  loss  calibration  was  conducted  using  lubricant 
0-67-22  (MIL-L-7808G)  and  the  procedure  previously  outlined/1^  The  results  were  in  general  agreement  with  the 
previous  ones  obtained  using  the  less  sensitive  torquemeters  in  that  the  relationship  between  machine-loss  torque  and 
disk  load  was  linear  at  constant  shaft  speed  and  lubricant  viscosity.  Also,  a  linear  relationship  between  machine-loss 
torque  and  shaft  speed  at  constant  load  was  observed. 

The  machine  loss  was  derived  by  two  techniques  which,  for  convenience,  will  be  referred  to  hereafter  as  the 
old  and  new  techniques. 

Old  Technique.  It  was  previously  shown(* )  that  for  the  upper  disk  shaft 


Tri=Tf+Tml 

and  for  the  lower  disk  shaft 


(I) 


Tn  =  Tf  -  T„ 


(2) 


where 

Tj -  -  disk  friction  torque,  in.-lb 

Tn  -  reaction  torque  indicated  by  torquemeter  on 
the  upper  shaft,  in.-lb 

T*  -  reaction  torque  indicated  by  torquemeter  on 
the  lower  shaft,  in.-lb 

Tm ,  -  machine-loss  torque  for  upper  shaft,  in.-lb 

Tm  2  -  machine-loss  torque  for  lower  shaft.  in.-lb 

In  Eqs.  (1)  and  (2),  Tj-  is  obviously  the  same  under  any 
condition  of  operation.  Further,  if  the  calibration  is  performed 
with  the  two  shafts  operating  at  precisely  or  approximately 
the  same  speed,  then  for  identical  bearings  and  shafts 

T»i  =  T,„  i  =  7',,,  2  (3) 

where  Tm  is  the  machine-loss  to.que,  in.-lb.  at  the  specific 
speed,  load,  and  other  operating  conditions  at  which  the  cali¬ 
bration  is  perfoimcd.  With  this  assumption, subtracting  t'q.  (2) 
from  Eq.  (1)  yields 


FIGURE  2.  COMPARISON  OF  MACHINE 
Such  a  calibration  was  perfoimcd  with  lubricant  0-67-22  LOSS  CALIBRATION  METHODS  USING 
and  the  new  torquemeters.  The  results  are  shown  as  dasiied  LUBRICANT  0-67-22 

curves  in  Figure  2,  in  which  the  data  points  have  been  omitted  for  the  sake  of  clarity.  As  mentioned  pieviotisly . 
these  results  are  in  general  agreement  with  those  reported  in  Reference  1. 


New  Technique.  When  the  data  reduction  on  the  scuffing  test  results  began,  differences  were  noted  in  the  two 
values  of  the  disk  friction  coefficient  at  failure  derived  from  the  two  torquemeter  readings.  A  difference  was  also 
observed  in  the  preliminary  scuffing  studies,  but  this  was  attributed  to  the  fact  that  the  first  machine  loss  calibration 
contained  some  inaccuracies  due  to  the  less  sensitive  torquemeters.(^ 

In  order  to  bring  the  two  friction  coefficients  into  better  agreement,  a  different  procedure  was  tried.  This 
procedure  involved  first  assuming  a  functional  relationship  for  the  machine-loss  torque  in  terms  of  speed,  load, 
lubricant  viscosity,  and  undetermined  constants.  Then,  using  the  fact  that  the  coefficients  of  friction  as  derived  from 
the  two  torquemeters  must,  by  definition,  be  equal,  equations  were  developed  that  allowed  the  constants  in  the 
machine  loss  equation  to  be  calculated  from  experimental  data. 

With  the  new  technique,  it  is  no  longer  necessary  to  operate  the  two  shafts  at  approximately  the  same  speed. 
Rather,  the  shafts  may  operate  at  any  speeds,  as  in  the  actual  scuffing  tests.  Thus,  the  method  has  the  advantage  that 
the  torquemeter  readings  obtained  during  scuffing  tests  can  be  used  to  determine  the  constants  in  the  machine  loss 
equation.  These  larger  readings  are  more  accurate  than  the  relatively  small  readings  obtained  in  determining  the 
machine-loss  torques  by  the  old  technique. 

As  can  be  seen  in  Figure  2,  by  the  old  technique  it  was  found  that  the  machine-loss  torque  varied  linearly  with 
load  at  constant  speed  and  lubricant  viscosity.  It  can  also  be  seen  that,  at  constant  load  and  lubricant  viscosity,  the 
variation  of  machine-loss  torque  with  speed  is  approximately  linear.  Based  on  these  two  observations,  and  being 
guided  by  the  results  from  the  old  technique  with  respect  to  the  effect  of  viscosity,  a  general  expression  for  the 
machine-loss  torque  may  be  written  as 


Tm  =  aP  +  bNrf 


(5) 


where 

Tm  -  machine-loss  torque  for  one  shaft,  in.-lb 
P  -  disk  load,  lb 

N  -  shaft  speed,  rpm 

p,  -  lubricant  viscosity  at  7}  and  atmospheric  pressure,  cp 
a.b.c  -  fitting  constants 

Since  the  two  shafts  are  identical  and  arc  mounted  in  identical  bearings,  it  is  assumed  that  Eq.  (5)  can  be  applied  to 
either  shaft  under  any  set  of  operating  conditions.  Thus  the  results  obtained  in  the  actual  scuffing  tests  can  be 
employed  directly  to  determine  the  fitting  constants  a,  b,  and  c.  The  details  of  the  procedure  are  given  in  Appen¬ 
dix  I;  the  resulting  equation  for  the  machine-loss  torque  is 

Tm  =  0.0023P+  0.000968Aji?-23  (6) 


where 

T,„  machine-loss  torque,  in.-lb  (T,„  t  for  upper  shaft,  T„, i  for  lower  shaft) 

P  disk  load,  lb 

A'  --  disk  speed,  rpm  (either  A',  or  A',  depending  on  whether  the  upper  or  the  lower  disk  shaft  is  under 
consideration) 

Hj  lubricant  viscosity  at  7)  and  atmospheric  pressure,  cp 

The  calculated  results  from  Hq.  (6)  are  shown  as  solid  curves  in  Figure  2,  for  compariso'  with  the  results 
derived  from  the  old  technique  shown  as  dashed  curves.  Note  that  the  new  technique  predicts  h  her  machine-loss 
torques  than  the  old  technique,  particularly  at  high  disk  loads. 
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The  discrepancy  of  results  from  the  old  and  new  techniques  underscores  the  basic  difficulty  with  all  types  of 
disk  testers  for  which  the  disk  friction  must  be  derived  from  the  reaction  torques  measured  on  the  shafts  which,  by 
necessity,  include  the  contributions  of  the  support  bearings.  It  is  a  moot  question  which  technique  gives  a  better 
prediction  of  the  machine-loss  torque.  The  crucial  question  is  which  technique  gives  a  better  correlation  of  the  disk 
friction  coefficient.  Obviously,  since  the  disk  (fiction  coefficient  must,  by  definition,  be  the  same  for  the  upper  disk 
as  for  the  lower  disk,  then  the  new  technique,  which  recognizes  this  fact,  is  to  be  preferred. 

Of  course,  in  the  derivation  of  the  “smoothed”  data  presented  in  Figure  2,  experimental  errors  in  obtaining 
the  raw  data  and  the  subsequent  treatment  of  the  raw  data  all  tend  to  introduce  some  uncertainties.  In  the  last 
analysis,  it  does  not  matter  which  technique  gives  the  “correct”  machine-loss  torque,  but  rather  which  technique 
gives  the  “correct”  disk  friction  coefficient  which  nature  demands  to  be  equal  on  the  basis  of  either  the  upper  or 
lower  disk.  From  extensive  analysis  and  comparison  of  all  of  the  stuffing  test  results  available  from  the  AFAPL  disk 
tester  over  the  entire  range  of  variable.,  employed  to  date,  it  has  been  found  that  the  two  disk  friction  coefficients  at 
failure  derived  from  machine-loss  data  obtained  by  the  old  technique  differ  in  most  cases  by  approximately 
10  percent  and  occasionally  by  as  much  as  20  percent.  On  the  other  hand,  by  using  machine-loss  data  obtained  by 
the  new  technique,  the  two  friction  coefficients  usually  agree  to  within  5  percent  and  only  in  rare  instances  to  about 
10  percent.  On  the  basis  of  these  findings,  it  is  concluded  that  the  new  technique  gives  more  plausible  .esults. 

2.  Simultaneous  Temperature  Measurements  in  Upper  and  Lower  Disks 

As  explained  previously/11  the  AFAPL  disk  tester  is  equipped  with  a  thermocouple  probe  located  in  the 
center  plane  of  the  disks  1/3  in.  ahead  of  the  center  of  the  conjunction.  This  thermocouple  probe  may  be  made  to 
suspend  freely  without  touching  either  disk  or  to  ride  with  a  slight  pressure  on  one  of  the  disks.  Due  to  the  complex 
oil  flow  and  heat  transfer  conditions  prevalent  at  (his  vicinity,  the  temperature  across  the  oil  film  is  generally  not 
uniform,  and  the  probe  reading  with  the  probe  touching  the  upper  (or  faster)  disk  is  always  higher  than  the 
reading  with  the  probe  touching  the  lower  disk  sometimes  by  as  much  as  30°F.  In  any  case,  regardless  of  the 
probe’s  position,  it  docs  not  read  directly  the  surface  temperature  of  either  disk. 

In  order  to  derive  the  surface  temperature,  Ti.  of  a  disk  from  the  probe  temperature,  7';).  with  the  probe 
touching  that  disk,  the  relationship  between  the  disk  surface  tempeiature  and  the  corresponding  probe  temperature 
must  be  known.  Such  a  relationship  can  only  be  established  by  calibietion/11  which  involves  instrumenting  a  disk 
with  embedded  thermocouples  and  taking  simultaneous  leadings  liom  the  embedded  thermocouples  and  the  thermo 
couple  probe  riding  on  the  same  disk.  As  mentioned  previously,  however,  the  thermocouple  probe  always  reads 
higher  when  riding  on  the  upper  disk  than  when  tiding  on  the  lower  disk.  The  question  then  arises  as  to  whether  the 
Ts  \s  Tp  relationship  is  or  is  not  the  same  lor  the  upper  and  lower  disks.  Indeed,  if  this  relationship  were  the  same 
for  both  disks,  then  the  surface  temperatuie  ol  the  ttppci  (or  faster)  disk  must  necessarily  be  higher  than  that  of  the 

lower  disk.  This  would  then  yield  two  calculated 
critical  temperatures,  which  would  be  difficult  to 
interpret. 

In  order  to  determine  if  the  two  surface  tem¬ 
peratures  were  different,  simultaneous  lemperat  're 
measurements  were  made  on  both  the  upper  and 
lower  disks.  For  this  work,  the  holes  drilled  in  the 
calibration  disks  were  relocated  as  shown  in  Figure  3. 
As  can  be  seen  by  comparing  this  figure  with 
Figure  14  in  Reference  1,  a  hole  was  placed  between 
the  first  and  second  original  holes  to  allow  a  more 
accurate  determination  of  the  gradient  near  the  sur¬ 
face,  hence  a  more  accurate  extrapolation  to  the  sur¬ 
face  temperature. 

Roth  the  upper  and  lower  disks  were  mstrti 
inentcd  with  embedded  thermocouples,  and  two 


FIGURE  3.  THERMOCOUPLE  HOLE  LOCATIONS 
IN  TEST  DISK 
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identical  mercury  slip  rings  were  in¬ 
stalled  on  the  two  shafts  to  connect 
the  embedded  thermocouples  to 
the  temperature  recorder.  The  disk 
tester  was  then  operated  with  lubri¬ 
cant  0-67-22  at  various  conditions 
of  speed  and  load,  and  the  tempera¬ 
tures  at  three  different  radial  posi¬ 
tions  (as  limited  by  the  capacity  of 
the  mercury  slip  rings)  in  the  upper 
and  lower  disks  were  recorded  si¬ 
multaneously.  Also,  at  each  condi¬ 
tion,  the  thermocouple  probe  read¬ 
ings  with  the  probe  riding  on  the 
upper  and  lower  disks  were  both 
obtained.  This  procedure  was  car¬ 
ried  out  at  7}  =  140°  and  190°F, 
but  more  extensively  at  7)  =  190°F 
since  the  majority  of  the  scuffing 
tests  were  to  be  conducted  at  the 
higher  lubricant  jet  temperature. 

Figure  4  shows  typical  tern- 
porsiurc  distributions  in  the  disks 
for  one  set  of  speed  conditions, 
where  Vs  -  300  ips  and  Vt  =  200 
ips.  Figure  4a  was  obtained  with 
7'/  =  140°F,  while  Figure  4b  was 
obtained  with  7)  =  190°F.  The 
three  curves  were  generated  by 
using  three  different  values  of  disk 
load.  The  surface  temperature  was 
obtained  by  extrapolation  of  the 
embedded  thermocouple  tempera- 
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FIGURE  4.  TYPICAL  TEMPERATURE  DISTRIBUTIONS 
IN  TEST  DISKS 


turcs,  assuming  a  linear  relationship  between  the  disk  temperature 


and  the  logarithm  of  the  radial  distance.  This  procedure  has  been 
used  as  a  standard  technique  throughout  all  the  calibration  work. 
As  shown  in  the  figure,  at  each  radial  position  there  is  little 
difference  in  the  embedded  thermocouple  temperatures,  which 
results  in  the  extrapolated  surface  temperatures  being  nearly  the 
same  for  both  the  upper  and  lower  disks. 

Figure  5  shows  all  the  results  for  7)  =  140°F,  where  the 
surface  temperature  for  the  upper  disk  is  plotted  against  the  sur¬ 
face  temperature  for  the  lower  disk.  As  shown  in  the  figure,  data 
were  obtained  for  three  values  of  sliding  to  sum  velocity  ratio,  M. 
The  dashed  line  shown  in  the  figure  is  where  Ts  =  TS2 ,  and,  as 
can  be  seen,  the  surface  temperatures  agree  well  with  this  rela¬ 
tionship.  It  will  be  noted  that  the  disk  surface  temperatures  do 
not  extend  quite  as  high  as  some  of  the  surface  temperatures 
obtained  in  the  scuffing  tests.  This  is  because  the  maximum  load 
was  intei. tiuna'ly  kept  low  in  order  not  »o  scuff  the  calibration 
disks,  winch  arc  extremely  time-consuming  to  make  and  were 
limited  in  quantity.  In  about  half  of  the  scuffing  tests,  at 


Tat»*F 

FIGURE  5.  COMPARISON  OF  SURFACE 
TEMPERATURES  OF  TEST  DISKS 
AT  7)  =  !40°F 
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r/=140°F,  the  surface  temperature  was  approximately  200°F  or  lower,  which  was  the  highest  temperature 
observed  in  the  simultaneous  temperature  measurements. 


Figure  6  shows  the  relationship  between  the  extrapolated  disk  surface  temperature  and  the  corresponding 
thermocouple  probe  temperature  for  the  same  conditions  presented  in  Figure  5.  It  is  apparent  that,  although  the 
surface  temperatures  are  nearly  equal  as  shown  in  Figure  5,  the  thermocouple  probe  temperatures  are  not  the  same 


for  the  two  disks.  For  a  given  surface  temperature,  the  thermo¬ 
couple  probe  temperature  on  the  upper  disk  is  always  higher 
than  that  on  the  lower  disk. 

Figure  7  shows  the  simultaneous  surface  temperature 
determinations  for  Tj  =  190°F.  The  data  were  obtained  for  the 
embedded  thermocouple  temperatures  at  five  values  ofM.  The 
two  highest  ratios  were  identical  to  those  used  in  many  of  the 
scuffing  tests.  As  can  be  seen,  the  two  surface  temperatures  are 
in  good  agreement  over  the  whole  range.  The  highest  extrap¬ 
olated  surface  temperature  obtained  was  about  265°F,  which 
is  as  high  as  the  surface  temperature  at  scuffing  for  the  major¬ 
ity  of  the  tests  conducted  at  Tj  =  190°F. 

The  relationship  between  the  extrapolated  disk  surface 
temperatures  presented  in  Figure  7  and  the  corresponding 
thermocouple  probe  temperatures  is  shown  in  Figure  8.  Simi¬ 
lar  to  the  case  where  Tj  =  140°F,  the  thermocouple  probe  tem¬ 
peratures  are  not  the  same  for  the  two  disks.  Likewise,  for  a 
given  surface  temperature,  the  probe  temperature  is  always 
higher  for  the  upper  disk  than  for  the  lower  disk. 


Tfl.  OR  Tpt,  *F 


It  is  clear  from  the  above  that  with  lubricated  disks 


FIGURE  6.  RELATIONSHIP  BETWEEN  DISK 
SURFACE  TEMPERATURE  AND  UPPER 
AND  LOWER  THERMOCOUPLE  PROBE 
TEMPERATURES  FOR  7}  =  I40°F 
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operated  over  a  wide  range  of  conditions,  both  the  temperature 
distribution  inside  the  two  disks  and  the  surface  temperatures 
of  the  two  disks  arc  the  same.  However,  the  thermocouple 
probe  temperatures  with  the  probe  touching  the  upper  and 
lower  disks  are  generally  different.  Therefore,  the  Ts  vs  7),  re¬ 
lationships  for  the  two  disks  are  different.  In  practice,  either 
the  upper  or  the  lower  disk  may  be  employed  to  deduce  disk 
surface  temperature,  provided  the  appropriate  Ts  vs  T,,  calibra¬ 
tion  is  used. 

3.  Improved  Temperature  Calibration 

Having  ascertained  that  cither  the  upper  or  the  lower 
disk  may  be  used  to  derive  the  disk  surface  temperature,  a 
more  detailed  calibration  was  made  with  lubricant  0-67-22 
over  a  wide  range  of  conditions.  This  calibration  was  made 
using  the  new  calibration  disks  shown  in  Figure  3.  and  by 
careful  placement  of  the  thermocouple  probe  at  a  distance  of 
1/3  in.  ahead  of  the  center  of  the  disk  conjunction.  Following 
the  earlier  practice* 1  ’.  the  lower  disk  was  used  as  the  basis  for 
the  temperature  calibration. 


T.t.'F 


Figure  9  shows  the  relationship  between  the  extrap- 
FIGURE  7.  COMPARISON  OF  SURFACE  olated  surface  temperature.  Ts,  and  the  thermocouple  probe 
TEMPERATURES  OF  TEST  DISKS  temperature  7’/)2.  for  the  two  lubricant  jet  temperatures  of 

AT7/=I90°F  140°  and  190°F.  In  contiast  with  the  results  previously 
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FIGURE  8.  RELATIONSHIP  BETWEEN  DISK  FIGURE  9.  TEMPERATURE  CALIBRATION 

SURFACE  TEMPERATURE  AND  UPPER  FOR  LUBRICANT  0-67-22 

AND  LOWER  THERMOCOUPLE  PROBE 
TEMPERATURES  FOR  7}  =  I90°F 


obtained  using  lubricant  BC(0,  no  speed  effect  was  noted  with  lubricant  0-67-22.  That  is.  the  Ts  vs  Tp  relationship 
is  a  single  curve  for  all  disk  speeds  between  955  and  3342  rpm,  and  is  linear.  The  slope  of  this  curve  is  dependent 
upon  the  lubricant  jet  temperature,  Tr  For  Tf  =  140°F,  the  extrapolated  surface  temperature  is  given  by 


7;=  140 +  4.286  (7^  -  140) 


(7) 


and  for  7}  =  190°F 


Ts  =  1 90  +  1 0.000  (Tp2  -  1 90)  (8) 

where 

Tx  -  disk  surface  temperature,  °F 

TP2  -  thermocouple  probe  temperature,  °F  (with  probe  riding  on  the  lower  disk) 

It  will  be  noted  that  the  extrapolated  surface  temperature  is  extremely  sensitive  to  changes  in  the 
thermocouple  probe  temperature.  Thus,  slight  differences  in  the  thermocouple  probe  temperature  caused  by 
factors  such  as  probe  installation  or  characteristics  of  the  probe  itself  can  introduce  large  errors  in  the  pre¬ 
dicted  disk  surface  temperature,  which  is  used  to  calculate  critical  temperature.  For  this  reason,  extreme 
precautions  must  be  taken  in  the  construction  and  installation  of  the  thermocouple  probes  in  order  to  ensure 
consistent  conditions  from  test  to  test. 
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SECTION  IV 

RESULTS  AND  DISCUSSION 


1.  General 

This  section  presents  the  experimental  results  of  90  scuffing  tests  conducted  using  disks  operating  ar  various 
combinations  of  sliding  and  sum  velocities,  with  lubricant  0-67-22  at  two  lubricant  jet  temperatures,  and  in  air  and 
nitrogen  environments. 

The  test  disks  used  in  these  experiments  were  fabricated  from  a  single  heat  of  AMS  6260  CEVM  steel  and 
represent  the  second  batch  of  disks,  Batch  B,  tested  on  the  AFAPL  disk  tester.  The  first  batch  of  disks,  Batch  A,  also 
of  AMS  6260  steel,  were  all  tested  at  a  lubricant  jet  temperature  Tj  -  140°F,  but  using  three  different  lubricants. 
The  results  of  these  tests  have  been  reported  previously  > 

The  properties  of  lubricant  0-67-22,  a  MIL-L-7808G  lubricant,  have  been  previously  given  in  Reference  1 . 

The  majority  of  the  Batch  B  disks  were  tested  at  T/  -  190°F.  However,  some  tests  were  conducted  at  Tj  = 
140°F  for  comparison  with  the  results  obtained  with  Batch  A. 

In  the  experience  of  SwRI  with  a  very  large  number  of  disk  tests,  it  has  been  noted  that  even  with  test  disks 
made  under  very  stringent  control  from  a  single  heat  of  steel,  and  with  tests  conducted  under  the  utmost  care, 
replicate  tests,  as  a  rule,  yield  scuffing  failure  loads  of  considerable  scatter,  typically  by  a  factor  of  2  to  3.  In  the 
interest  of  statistical  confidence,  it  was  decided  that,  in  testing  with  Batch  B  disks,  10  replicate  tests  should  be  con¬ 
ducted  at  each  set  of  test  conditions  so  that  reliable  averages  would  be  obtained.  This  was  done  for  7  series  of  tests, 
thus  accounting  for  70  of  the  90  tests  conducted.  It  was  then  discovered  that  quite  different  test  results  were 
obtained  by  driving  the  test  disks  with  the  two  alternate  drive  systems  mentioned  earlier.  To  explore  the  urive- 
system  effect  e  ?r  the  widest  range  of  operating  conditions  possible  with  the  remaining  Batch  B  disks,  it  was 
necessary  to  run  only  5  replicate  tests  for  each  of  the  4  remaining  series. 

Before  discussing  the  results,  it  will  be  helpful  to  summarize  the  test  program  by  tabulating  the  test  series 
numbers  and  the  test  conditions  for  each  series.  This  is  done  in  Table  1.  Seven  test  series.  Series  VII!  to  XIV,  were 
conducted  with  the  unbelted  drive  system.  ThBLE  I.  SUMMARY  OF  TEST  SERIES  AND  CON- 
SericsX,  XI.  and  IX  were  intended  to  deter-  DIT10NS  WITH  BATCH  B  AMS  6260  DISKS 

mine  the  effect  of  changing  sliding  velocity  at  •  AND  LUBRICANT  0-67-22 

constant  sum  velocity,  while  Series  X,  XII,  and 
XIII  were  conducted  to  determine  the  effect  of 
changing  sum  velocity  at  constant  sliding  veloc¬ 
ity.  Note  that  Series  X  is  common  to  both 
groups  of  three  series.  Series  VIII  was  con¬ 
ducted  at  Tj  =  140°F,  both  for  comparison 
with  Batch  A  results  and  for  comparison  with 
Scries  !X  to  determine  the  effect  of  lubricant 
jet  temperature,  Tj.  Series  XIV  was  to  be  com¬ 
pared  with  Series  XI  for  the  effect  of  an  inert 
environment. 

In  the  belted  mode  of  operation,  compari¬ 
son  of  Series  XV  and  XVI  would  show  the 
effect  of  varying  sliding  velocity  while  holding 
sum  velocity  constant,  while  comparison  of 
Series  XV  and  XVlI  would  show  the  effect  of 
varying  sum  velocity  while  holding  sliding  veloc¬ 
ity  constant.  Here  Series  XV  is  common  to 
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both  groups  of  series.  Series  XVIII  was  conducted  to  obtain  results  at  M  =  0.333  by  using  a  different  combi¬ 
nation  of  Vs  and  Vt  to  compare  with  Series  XV. 

The  detailed  results  of  the  various  test  series  are  presented  in  Appendix  I!.  Each  table  in  Appendix  11 
contains  the  specific  break-in  and  test  conditions  of  each  series,  the  results  of  each  individual  test  in  the  series, 
as  well  as  the  average  results  of  the  series. 

In  the  following  material,  the  various  effects  will  be  examined  on  the  basis  of  the  average  results  of  the 
appropriate  test  series.  In  the  examination  of  the  various  effects,  all  parameters  of  performance  such  as  the 
failure  load,  the  friction  coefficient  at  failure,  the  critical  temperature,  and  the  minimum  lubricant  film  thick¬ 
ness  ratio  at  failure  will  be  compared.  As  mentioned  previously,  from  the  viewpoint  of  evaluating  the  validity 
of  some  form  of  a  generalized  scuffing  criterion,  such  parameters  as  the  critical  temperature,  the  film  thick¬ 
ness  ratio,  or  some  other  suitable  index  should  be  of  more  fundamental  interest.  However,  the  calculation  of 
all  these  generalized  indices  involves  some  assumptions  or  arbitrary  decisions.  Currently,  the  amount  of 
research  does  not  permit  an  evaluation  of  the  generalized  indices  to  be  made  with  confi  ence.  Therefore,  pending 
additional  research,  greater  emphasis  will  be  given  to  an  examination  of  the  failure  load  and  the  friction  coefficient 
at  failure.  Both  parameters  arc  derived  from  actually  measured  quantities  and  are  not  subject  to  arbitrary  situations 
other  than  measurement  errors. 

2.  Comparison  of  Results  for  Batch  A  and  B  Test  Disks 

Before  beginning  the  test  program  with  Batch  B  disks,  it  was  desirable  to  conduct  a:  least  one  scries  of  tests 
under  the  same  conditions  used  for  Batch  A  disks.  This  comparison  was  made  for  several  reasons.  (1 )  the  disks,  even 
though  made  of  the  same  material,  were  manufactured  by  two  different  companies  from  different  heats  of  steel, 
(2)  Batch  B  disks  were,  in  general,  slightly  rougher  than  Batch  A,  and  (3)  the  new,  more  sensitive  torquemeters 
permitted  a  check  on  the  friction  coefficient  results  previously  obtained  in  testing  Batch  A  disks. 

Ten  tests  were  conducted  using  Batch  B  disks  at  =  140°F,  Vs  =  630  ips,  and  V t  -  1050  ips.  Tor  these  tests, 
the  disk  tester  was  operated  in  the  unbelted  mode  (two  shafts  independently  driven),  as  was  done  in  all  tests  with 

TABLE  II.  COMPARISON  OF  AVERAGE  TEST  RESULTS  FOR  BATCH  A  AND  B 
TEST  DISKS  WITH  LUBRICANT  0-67-22, 7}  =  140°F,  Vs  =  630  ips.  V,  =  1050  ips 
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Baicli  A  disks.  Table  II  compares  the  results  with  those  obtained  using  Batch  A.  This  table  shows  the  average  values 
of  the  measured  and  calculated  quantities  for  5  tests  on  the  Batch  A  disks  and  the  10  tests  on  Batch  B  disks.  The 
Batch  A  results  are  taken  from  Table  IX  of  Reference  1.  However,  they  have  been  modified  to  correct  for  the  new 
machine  loss  and  temperature  calibrations  obtained  for  lubricant  0-67-22.  The  previously  reported  values  were 
obtained  using  the  calibration  results  for  lubneant  BC,  which  were  the  only  values  available  when  Reference  1  was 
published. 

As  can  be  seen  by  comparing  these  corrected  results  for  Batch  A  d'sks  with  those  in  Table  IX  of  Reference  1 , 
the  main  el  led  ol  using  the  new  calibration  data  is  to  increase  the  disk  surface  temperature,  Ts.  Other  quantities 
remained  relatively  unaffected  by  the  new  calibration  results. 

In  comparing  the  results  of  the  two  batches  of  disks  in  Table  11,  note  that  the  average  initial  composite  surtacC 
roughness,  6(.  of  Hatch  B  disks  is  somewhat  larger  than  that  of  Batch  A.  However,  the  break  in  process  biings  the 


two  measured  roughnesses  *o  within  1  /jin.  of  each  other.  At  failure,  the  calculated  minimum  film  thickness  differs 
by  only  1  pin.  The  film  thickness  ratio  at  failure,  AWj f,  is  identical  for  the  two  botches.  It  should  be  noted  that  the 
film  thickness  ratio  at  failure  should  ideally  be  based  on  the  calculated  minimum  film  thickness  and  the  composite 
surface  roughness  at,  or  immediately  prior  to,  failure.  In  practice,  however,  the  surface  roughness  of  the  disks  cannot 
be  measured  at,  or  immediately  prior  to,  failure.  Thus  the  6^--ineasu.ements  must  be  made  after  failure.  In  most 
cases,  the  scuffing  had  progressed  oil  around  the  disks  by  the  time  the  machine  was  stopped,  and  considerable  fur¬ 
ther  damage  to  the  surfaces  nad  occurred.  Consequently,  no  reliable  measurement  of  5y  can  be  made.  For  this  reason, 
this  report  has  based  A,„^on  5a,  the  composite  surface  roughness  after  break-in,  rather  than  on 

The  friction  coefficient  is  considerably  lower  for  Batch  A  disks.  This  difference  is  attributed  mainly  to  the 
inaccuracy  of  the  torquemeters  that  were  used  in  tests  with  Batch  A  disks  rather  than  to  the  difference  in  surface 
roughness.  From  extensive  experience  with  disk  testing  at  SwRl,  such  a  large  variation  in  the  friction  coefficient  at 
failure  with  surface  roughness  has  never  been  observed. 

The  failure  load,  Pf,  for  Batch  B  disks  is  14  percent  lower  than  that  for  Batch  A.  and  may  be  attributed  to  the 
combination  of  the  effects  of  a  different  materia)  batch  and  disk  surface  roughness.  This  difference  in  P$  is  real 
because  Pf  is  a  directly  measured  quantity.  The  thermocouple  probe  temperature,  TP  2,  and  the  disk  surface 
temperature,  Ts ,  at  failure  arc  both  higher  for  Batch  A  disks  due  to  the  higher  Pj.  For  otherwise  constant  conditions, 
these  two  temperatures  should  be  some  function  of  f.P,.  From  this  consideration,  it  is  seen  that  the /y  for  Batch  A 
disks  must  be  too  low.  This  error  in  causes  the  ST  at  failure  to  be  too  low  for  Batch  A  disks;  consequently,  the 
critical  temperature,  Tcr,  for  Batch  A  disks  must  be  too  low. 

3.  Effect  of  Sliding  Velocity 

The  effect  of  sliding  velocity  on  the  failure  load  is  shown  in  Figure  1 1.  Roman  numerals  denoting  the  test 
series  are  placed  near  the  data  points  to  aid  in  identifying  the  corresponding  test  conditions  shown  in  Table  l.The 
upper  curve  in  the  figure  was  obtained  while  operating  the  tester  with  the  unbelted  drive,  the  lower  curve  was 
obtained  while  operating  the  tester  with  the  belted  drive.  For  both  operating  modes,  the  failure  load  decreases  with 
increasing  I',.  At  low  values  of  sliding  velocity,  the  failure  load  is  2  to  3  times  higher  when  the  drive  shafts  are  not 
belted  together.  However,  this  difference  in  the  load-canying  capacity  becomes  small,  at  high  sliding  velocities. 

This  difference  in  behavior  is  not  fully  understood  jt  this  time.  A  possible  explanation  is  that  the  unbelted 
shafts  pemut  the  disks  to  shift  slightly  with  respect  to  each  other  in  the  angular  sense,  even  though  the  speed  ratio 
between  shafts  is  nominally  constant.  That 
is,  the  indicated  speed  of  either  shaft  will 
vary  by  1  or  2  rpm  at  typical  running  speeds 
of  500  to  3500  rpm.  On  the  other  hand, 
when  the  shafts  ate  belted  together,  there 
is  a  positive  relationship  between  points 
on  the  two  disks.  Thus,  any  surface  distress 
that  may  be  initiated  when  two  particular 
spots  come  into  contact  is  reinforced  as  the 
same  two  spots  continue  to  come  into  con¬ 
tact  during  successive  revolutions.  It  is  possi¬ 
ble  that  a  small  angular  shift  occurring  when 
the  shafts  are  not  belted  together  is  sufficient 
to  prevent  two  potential  trouble  spots  from 
coming  into  contact  often  enough  to  cause 
failure  at  a  lower  load.  Further  work  will 
need  to  be  performed  to  verify  this  theory. 

A  logarithmic  presentation  of  the  data 
in  Figure  1 1  is  shown  in  Figure  12.  Note 
that  a  nearly  linear  relationship  exists 


FIGURE  1 1 .  EFFECT  OF  SLIDING  VELOCITY  ON 
SCUFFING  FAILURE  LOAD  AT  CONSTANT 
SUM  VELOCITY  I  ',  =  1050  ips 
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FIGURE  12.  LOGARITHMIC  PRESENTATION  OF 
DATA  FROM  FIGURE  1 1 


between  log  Pf  and  log  Vs,  and  that  the  slope  for  the 
belted  drive  results  is  nearly  the  same  as  the  slope  for 
the  unbelted  drive  results.  Computing  the  slope  of  the 
lines  yields 


That  is,  at  constant  sum  velocity,  the  scuffing  failure 
load  is  inversely  proportional  to  sliding  velocity  raised 
nearly  to  the  fourth  power. 

Figure  13  shows  the  effect  of  sliding  velocity 
on  critical  temperature.  For  the  unbelted  drive,  the 
critical  temperature  decreases  as  the  sliding  velocity 
increases;  for  the  belted  drive,  the  critical  tempera¬ 
ture  remains  essentially  constant.  It  appears  that,  at 
high  sliding  velocities,  the  two  modes  of  operation 
would  tend  to  yield  approximately  the  same  critical 
temperatures. 

The  effect  of  sliding  velocity  on  the  minimum 
elastohydrodynamic  film  thickness  ratio  at  failure  is 
shown  in  Figure  14.  It  is  seen  that,  within  a  range  of 
±5  percent,  this  ratio  is  nearly  the  same  for  both 
modes  of  drive  and  nearly  constant  with  respect  to 
sliding  velocity. 


FIGURE  13.  EFFECT  OF  SLIDING  VELOCITY  ON 
CRITICAL  TEMPERATURE  AT  CONSTANT  SUM 
VELOCITY  Vt  =  1050  ips 


The  effect  of  sliding  velocity  on  friction  coeffi¬ 
cient  at  failure  is  shown  in  Figure  15.  It  is  interesting 
to  note  that  the  friction  coefficient  is  not  a  function 
of  sliding  velocity.  This  is  true  whether  the  tester  is 
operated  with  the  belted  or  the  unbelted  drive.  How¬ 
ever,  the  friction  coefficient  is  higher  when  the  belted 
drive  is  used.  Whether  the  higher  friction  coefficient 
for  the  belted  drive  is  due  to  the  repeated  interactions 
between  corresponding  points  on  the  two  disk  sur¬ 
faces.  as  suggested  earlier,  remains  to  be  established 
by  further  work. 

4.  Effect  of  Sum  Velocity 


The  effect  of  sum  velocity  on  the  load  at  scuff¬ 
ing  failure  is  shown  in  Figure  16.  The  effect  of  in¬ 
creasing  V,  while  holding  K*  constant  is  to  increase 


the  failure  load.  The  failure  load  is  again  lo.ver  for  the  belted  drive  and,  as  l't  is  lowered,  the  curves  tend  to  merge. 
A  logarithmic  presentation  of  the  same  data  is  shown  in  Figure  17.  Unlike  the  relationship  between  P}  and  rjt  the 
slopes  of  these  lines  are  different  for  the  unbelted  and  belted  modes  of  operation.  Computing  the  slopes  of  the  lines 
yields  for  the  belted  drive 


Pr~  (P,)3-66 
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and  for  the  unbelted  drive 

Pf~(V,)lM  (11) 

The  effect  of  sum  velocity  on  criti¬ 
cal  temperature  is  shown  in  Figure  18. 
The  critical  temperature  increases  signifi¬ 
cantly  with  increasing  sum  velocity  for 
the  unbelted  drive,  and  increases  only 
slightly  for  the  belted  drive.  As  V,  is  de¬ 
creased,  the  difference  between  the  two 
modes  of  operation  becomes  less  pro¬ 
nounced. 
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The  effect  of  sum  velocity  on  the 
minimum  elastohydrodynamic  film  thick¬ 
ness  ratio  at  failure  is  shown  in  Figure  19. 
The  belted  and  unbelted  modes  give 
about  the  same  Amf  to  within 
z5  percent.  However,  an  increase  in  sum 
velocity  increases  A mf  moderately. 

The  behavior  of  the  friction  coeffi¬ 
cient  at  failure  with  sum  velocity  is 
shown  in  Figure  20.  It  is  interesting  that 
while  fy  does  not  vary  appreciably  with  Vs, 
it  does  vary  with  decreasing  with  in¬ 
creasing  V,  for  both  the  belted  and  un¬ 
belted  drives.  As  was  the  case  when  V, 
was  held  constant  and  Vs  varied,  the  fric¬ 
tion  coefficient  is  higher  when  the  belted 
drive  is  used. 

5.  of  Sliding  to  Sum  Velocity 

Ratio 


'  FIGURE  14.  EFFECT  OF  SLIDING  VELOCITY  ON  MINIMUM 
FILM  THICKNESS  RATIO  AT  FAILURE  AT  CONSTANT 
SUM  VELOCITY  V,  =  1050  ips 
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FIGURE  15.  EFFECT  OF  SLIDING  VELOCITY  ON 
FRICTION  COEFFICIENT  AT  FAILURE  AT 
CONSTANT  SUM  VELOCITY  V,=  1050  ips 


It  would  be  of  interest  to  compare 
the  data  at  constant  sum  velocity  with 
the  data  at  constant  sliding  velocity  using 
some  factor  common  to  both  test  groups. 
This  comparison  can  be  made  only  by 
using  the  ratio  of  the  sliding  velocity  to 
the  sum  velocity. 

In  Figure  21a,  the  failure  load  is 
shown  as  a  function  of  velocity  ratio,  M, 
for  the  unbelted  drive.  It  is  seen  that 
the  results  for  constant  sliding  velocity 
do  not  differ  significantly  from  those  at 
constant  sum  velocity;  at  M  =  0.429  and 
0.600,  the  failure  load  is  slightly  higher 
for  the  constant  sliding  velocity  case. 
The  results  for  the  belted  drive  are 


shown  in  Figure  21b;  it  is  seen  that  at  FIGURE  16.  EFFECT  OF  SUM  VELOCITY  ON  SCUFFING  FAIL- 
,1/  =  0.429  the  failure  load  is  also  slightly  URE  LOAD  AT  CONSTANT  SLIDING  VELOCITY  Vs  =  350  ips 
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FIGURE  17.  LOGARITHMIC  PRESENTATION  OF  DATA 
FROM  FIGURE  16 


FIGURE  18.  EFFECT  OF  SUM  VELOCITY  ON  CRITICAL 
TEMPERATURE  AT  CONSTANT  SLIDING 
VELOCITY  Vs  -  350  ips 


FIGURE  19.  EFFECT  OF  SUM  VELOCITY  ON  MINIMUM  FILM 
THICKNESS  RATIO  AT  FAILURE  AT  CONSTANT 
SLIDING  VELOCITY  Vs  =  350  ips 
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FIGURE  20.  EFFECT  OF  SUM  VELOCITY  ON  FRICTION 
COEFFICIENT  AT  FAILURE  AT  CONSTANT 
SLIDING  VELOCITY  Vt  =  350  ips 


higher  for  the  constant  sliding  velocity  case.  For  both  unbelted  and  belted  drives,  the  failure  load  is  seen  to 
decrease  with  increasing  M  and  the  decrease  is  more  pronounced  with  the  unbelted  drive. 

Figure  22a  shows  the  variation  of  critical  temperature  with  M  for  the  unbelted  drive.  The  critical  temperature 
decreases  with  increasing  M  for  both  the  constant  sum  velocity  and  constant  sliding  velocity  cases:  at  M  =  0.429  and 
0.600,  the  critical  temperature  is  noticeably  higher  for  the  constant  sum  velocity  case.  Figure  22'o  presents  the 
results  for  the  belted  drive,  and  it  is  seen  that  for  the  constant  sum  velocity  case,  the  critical  temperature  increases 
slightly  with  A/,  while  for  the  constant  sliding  velocity  case  there  is  a  slight  decrease.  The  variation  with  M  is 
significantly  more  pronounced  for  the  unbelted  drive. 

The  variation  of  the  minimum  EHD  Film  thickness  ratio  at  failure  with  M  for  the  unbelted  drive  is  shown  in 
Figure  23a.  Note  that  at  constant  sum  velocity,  the  variation  in  A mf  is  nonmonotonic,  showing  first  an  increase  as 
sliding  velocity  increases,  and  then  a  slight  decrease  with  further  increase  in  sliding  velocity.  However,  at  constant 
sliding  velocity,  A mf  is  relatively  constant.  The  results  are  shown  for  the  belted  drive  in  Figure  23b,  and  it  is  seen 
that  A,,,/  decreases  with  increasing  M  for  both  constant  sum  velocity  and  constant  sliding  velocity  tests. 


16 


|Uly 


FIGURE  21.  EFFECT  OF  VELOCITY  RATIO 
ON  SCUFFING  FAILURE  LOAD 
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FIGURE  22.  EFFECT  OF  VELOCITY  RATIO 
ON  CRITICAL  TEMPERATURE 


(o)  UNBELTED  DRIVE 


Figure  24a  shows  the  variation  of  the  friction 
coefficient  at  failure  with  the  velocity  ratio  for  the 
unbelted  drive.  The  friction  coefficient  increases  with  M  at 
constant  sliding  velocity;  but  is  constant  at  constant  sum 
velocity,  indicating  that  the  friction  coefficient  at  failure  is 
a  function  of  sum  velocity.  In  Figure  24b  the  belted  drive 
results  exhibit  the  same  trends:  that  is jy  increases  with/I/ 
at  constant  sliding  velocity  and  remains  constant  at  con¬ 
stant  sum  velocity. 


FIGURE  23.  EFFECT  OF  VELOCITY  RATIO 
ON  MINIMUM  FILM  THICKNESS 
RATIO  AT  FAILURE 


In  the  practical  case  of  a  pair  of  gears  with  fixed  gear 
ratio,  the  velocity  ratio,  M,  is  a  function  only  of  the  local 
radii  of  curvature  of  the  meshing  teeth  and  will  vary 
throughout  the  mesh.  The  speed  of  operation  of  the  gear 
set,  however,  has  no  effect  on  this  tatio.  Thus,  at  any  par¬ 
ticular  point  along  the  line  of  action,  a  change  in  the  speed 
of  operation  will  affect  the  magnitudes  of  the  sliding  and 
sum  velocities  together:  but  the  ratio  will  remain  constant. 

The  data  from  Figures  21  through  24  can  be  pre¬ 
sented  in  such  a  manner  as  to  demonstrate  this  effect  of 
changing  the  speed  of  operation  of  a  pair  of  gears.  Fig¬ 
ure  25a  shows  the  results  for  M  -  0.333,  which  would  be 
representative  of  me  point  along  the  line  of  action,  and 
Figure  25b  shows  the  results  for  M  =  J.42‘>.  which  would 


17 


004 


005 


er  oo2 


ooi 


0 


-  V,'  1050  Ipi  •  CONSTANT 

- V,*  390  lot  «  CONSTANT 


i 


xm 


(o>  UNBELTED  DRIVE 


( b  I  BELTED  DRIVE 


200  250  300  350  350  400  430  300 


V|,  Ip*  V|.lp> 

(0)  M  ■  .333  (b>  U  •  .429 


FIGURE  24.  EFFECT  OF  VELOCITY  RATIO 
ON  FRICTION  COEFFICIENT 
AT  FAILURE 


FIGURE  25.  EFFECT  OF  VELOCITY  ON  SCUFFING 
PERFORMANCE  PARAMETERS  AT  CONSTANT 
VELOCITY  RATIO 


be  representative  of  another  point  along  tiic  line  of  action.  The  abscissa  is  the  sliding  velocity .  Ft.  however,  the  sum 
velocity,  V,%  could  have  been  used  just  as  well  since  as  either  one  is  varied,  the  other  changes  such  that  their  ratio 
remains  constant.  In  addition  to  the  data  that  were  presented  earlier,  the  results  of  Series  XVIII,  which  were 
obtained  at  I',  =  200  ips  and  V,  =  600  ips  with  the  belted  drive,  are  also  shown.  At  the  top  of  the  figure  it  is  seen 
that  the  load  at  failure  decreases  with  increasing  speed  for  both  values  of M,  whether  the  belted  or  unbelted  drive  is 
used.  The  minimum  film  thickness  ratio  at  failure,  A mf,  increases  moderately  with  speed  als,»  lorboth  values  ol  d/ 
and  for  both  drive  modes.  The  friction  cocffiuent  at  failure  decreases  with  increasing  speed  for  both  values  of M  and 
drive  modes.  However,  the  critical  tempera, are.  irr,  decreases  slightly  with  increasing  speed  at  M  =  0.333,  but 
increases  with  speed  at  M  ~  0.429.  The  same  behavior  is  observed  for  the  surface  temperature.  Ts.  in  that  it  decreases 
slightly  with  increasing  speed  at  M  =  0.333,  but  increases  with  speed  at  M  =  0.429. 

6.  Effect  of  Lubricant  Jet  Temperature 

There  is  a  marked  effect  of  lubricant  jet  temperature  on  the  scuffing  failure  load,  at  least  for  the  one  set  ol  test 
conditions  investigated.  The  results  arc  shown  in  Table  III.  Scries  VIII  was  conducted  at  Tt  -  I40°I  and  Series  IX 
was  conducted  at  the  same  test  conditions  except  with  7’  =  190°F.  As  seen  in  the  table,  the  average  surface 
roughness  of  the  disks,  both  before  and  after  break-in,  was  about  the  same  for  both  series.  The  disks  tested  at 
7’  =  I40°F  failed  at  a  calculated  minimum  EHD  film  thickness  about  30  percent  larger  than  those  tested  at 
Tt  -  l‘>0oF.  This  larger  film  thickness  is  due  to  the  higher  viscosity  of  the  oil  at  the  lower  temperature  as  indicated 
by  the  thermocouple  probe  temperature,  Tpi.  The  load  at  failure  in  the  tests  with  7}  =  140°F  was  more  than  twice 
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TABLE  III.  COMPARISON  OF  AVERAGE  TEST  RESULTS  FOR  Vs=  630  ips 
AND  V,  =  1050  ips  USING  LUBRICANT  0-67-22  AT 
TWO  LUBRICANT  JET  TEMPERATURES 


Test 

scries 

Before  break-in 

At  end  of  break-in 
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that  in  the  tests  at  7)=  I90°F.  The  avciage  friction  coefficient  at  failure,/),  is  identical  for  both  series.  Since  friction 
coefficient  is  the  same  for  botlt  series,  it  is  the  higher  failure  load  in  Series  VUI  that  accounts  for  the  higher  critical 
temperature. 

7.  Effect  of  Inert  Environment 

To  determine  the  effect  of  an  inert  cnviionmcnt  on  scuffing  behavior,  the  dish  testei  was  operated  in  the 
presence  of  nitrogen.  The  nitrogen  used  was  fioni  a  compressed-gas  cvlindei  and  contained  less  than  10  ppm 
impuiities  including  5  ppm  0- .  I  ppm  ll» ,  I  ppm  CO;.  I  ppm  CO,  with  a  dew  point  of  60°F.  The  nitiogen  gas  was 
introduced  through  the  bottom  id'  the  lubiicant  sump  beneath  the  dish  enclosure.  It  was  forced  to  llow  up  through 
the  lubricant,  through  the  dish  enclosure,  and  tint  a  vent  at  the  top  of  the  enclosure.  The  lubricant  and  dish  enclosure 
were  purged  I'oi  2  hr  pnoi  to  cadi  test  b>  allowing  the  nitiogen  to  flow  while  the  lubi leant  was  circulated  thiough 
the  s)  stem  at  lest  tempeiature.  The  nitrogen  continued  to  (low  in  this  manner  throughout  the  test. 

Attempts  weie  made  to  break,  in  the  lest  dish.s  in  the  liter  I  environment,  using  the  procedme  of  permitting  the 
nitiogen  to  llow  thiough  the  svstem  with  the  lubiicant  ciiculatitig.it  the  break-m  temperature  of‘>()T  lot  2  In  puoi 
to  beginning  the  bieuh-m.  Ilowevei.  two  sets  ol  disks  scuffed  during  the  break  in  piocess  (one  at  1000-lb  load  and 
another  at  the  maximum  break-m  load  of  20001b).  Theicfoie,  this  procedme  was  abandoned  and  the  disks 
were  broken  in  in  an  environment  of  aii. 


The  lest  lesulls  aie  shown  m  Table  IV.  lor  comparison,  the  Series  XI  lesults.  obtained  at  the  same  lest 
conditions  m  an  environment  of  air.  are  also  shown  tn  Table  IV.  As  shown  in  the  table,  the  average  surface 
toughness  of  the  disks  both  before  and  alter  bicak-m  aie  the  same  foi  both  series.  In  nitrogen,  the  scuffing 
f.tiluie  occuned  at  a  slightl)  higher  calculated  minimum  Mil)  film  thickness  ratio  than  in  air.  The  friction 
coefficient  at  lailure  was  oul>  sliglulv  lovvei  foi  the  tests  with  nitrogen,  while  the  failure  load  was  significant!) 
lower.  The  lower  load  and  friction  coefficient  at  lailure  result  in  a  lower  calculated  conjunction  temperature  rise. 
AT.  I  Ins  lower  AT,  combined  with  the  lower  surface  temperature,  7S.  accounts  for  the  large  difference  m  critical 
temperature. 


TABLE  IV.  COMPARISON  OF  AVERAGE  TEST  RESULTS  FOR  l4  =450  ips. 
I’,  =  1050  ips.  AND  /',  =  190  ’F.  USING  LUBRICANT  0-67-22  IN 
AIR  AND  INERT  ENVIRONMENTS 
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These  tests  indicate  that  the  chemical  effects  of  oxygen  and/or  moisture  in  the  environment  are 
important  in  the  lubrication  process,  not  only  at  the  higher  temperatures  and  speeds,  but  also  at  the  lower 
temperatures  and  speeds  used  in  the  break-in  process. 

8.  Statistical  Nature  of  the  Data 

The  discussion  of  the  results  thus  far  has  been  concerned  with  the  average  test  results  of  the  various  series  of 
tests  rather  than  the  individual  test  results  within  each  scries.  It  was  mentioned  previously  that  with  a  10-test  series, 
the  failure  load  varied  by  a  factor  of  two  or  three  even  though  all  test  conditions  were  the  same  for  each  test.  This 
suggests  that  the  scuffing  failures  may  follow  a  statistical  distribution  similar  to  fatigue  failures. 


Figure  26  shows  that  the  scuffing  failure  load  follows  a  Wcibull  distribution  relatively  well.  These  are  the 
results  from  Series  X,  XI,  and  IX,  where  V,  was  held  constant  and  1^  was  varied.  Using  these  curves,  or  equations 
developed  from  them,  one  could  predict  with  reasonable  accuracy  the  percentage  of  a  sample  of  disks  that  would  fail 
at  a  given  load. 


FAILURE  LOAD,  LB 


FIGURE  26.  WE1BULL  PLOT  OF  SCUFFING  FAILURE  LOAD  AT  V,  =  1050  ips 

Figure  27  presents  the  results  for  Series  X,  XU.  and  XIII,  where  I',  was  held  constant  and  I’,  was 
varied.  Although  the  results  for  the  two  higher  sum  velocities  follow  the  Wcibull  distribution  relatively  well, 
the  results  for  I',  =  583  ips  do  not.  This  could  be  indicative  of  the  fact  that  some  phenomenon  that  affects 
scuffing  at  the  lower  V,  is  not  present  at  the  two  higher  values  of  I',. 

To  predict  the  scuffing  failure  load  over  the  complete  lange  of  operating  variables  of  interest,  it  would 
be  necessary  to  have  plots  similar  to  those  shown  in  1  igures26  and  27,  using  either  a  Wcibull  oi  some  olhei 
distribution  limction,  covering  the  entire  range  of  the  variables.  The  results  of  such  plots  would,  at  best,  be 
empirical  since  they  do  not  offer  the  prospect  of  generalization.  For  the  purpose  of  generalization,  some  suit 
able  generalized  scuffing  parameter  such  as  the  critical  temperature,  the  lubricant  film  thickness  ratio,  or 
some  other  criterion  will  have  to  be  treated  statistically  in  a  similar  manner.  Moreover,  lubricants,  materials. 
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FAILURE  LOAD, LB 


FIGURE  27.  WE1BULL  PLOT  OF  SCUFFING  FAILURE  LOAD  AT  V,  =  350  ips 

and  factors  other  than  operating  variables  alone  must  tolso  be  considered  if  a  generalized  scuffing  parameter  is 
being  sought.  Information  of  such  broad  scope  is  not  currently  available.  However,  statistical  treatment  of  the 
data,  hitherto  not  used  in  gear-scuffing  work,  is  suggested  as  a  possible  approach  once  sufficient  data  become 
available. 


SECTION  V 
CONCLUSIONS 


From  90  individual  scuffing  tests  conducted  using  a  MIL-L-7808G  lubricant  (0-67-22)  and  test  disks  made 
from  a  single  heat  of  AMS  6260  CHVM  steel,  run  at  various  combinations  of  sliding  and  sum  velocities,  at  two 
lubricant  jet  temperatures,  with  two  methods  of  driving  the  test  disks,  and  in  air  and  nitrogen  environments,  the 
following  conclusions  are  drawn: 

The  load-carrying  capacity  was  found  to  decrease  with  increasing  sliding  velocity,  increase  with  increasing  sum 
velocity,  decrease  with  increasing  lubricant  jet  temperature,  decrease  with  belted  as  against  unbelted  drive,  and 
decrease  in  the  presence  of  an  inert  environment. 

The  coefficient  of  friction  at  failure  was  found  to  change  little  with  increasing  sliding  velocity,  decrease  with 
increasing  sum  velocity,  change  littie  with  increasing  lubricant  jet  temperature,  increase  with  belted  as  against 
unbelted  drive,  and  decrease  in  the  presence  of  an  inert  environment. 

The  critical  temperature  was  found  to  decrease  with  increasing  sliding  velocity  at  constant  sum  velocity, 
increase  with  increasing  sum  velocity  at  constant  sliding  velocity,  decrease  with  increasing  lubricant  jet  temperature, 
decrease  with  belted  as  against  unbelted  drive,  and  decrease  in  the  presence  of  an  inert  environment.  At  a  sliding  to 
sum  velocity  ratio,  M,  of  0.333,  the  critical  temperature  was  found  to  decrease  slightly  with  increasing  speed. 
However,  at  M  =  0.429,  the  critical  temperature  was  found  to  increase  with  increasing  speed. 

The  minimum  lubricant  film  thickness  ratio  at  failure  was  found  to  change  little  with  increasing  sliding 
velocity,  increase  with  increasing  sum  velocity,  decrease  with  increasing  lubricant  jet  temperature,  change  lit  ,1c  with 
belted  as  against  unbelted  drive,  and  increase  in  the  presence  of  an  inert  environment. 

Judging  from  the  very  low  values  of  the  minimum  lubricant  film  thickness  ratio  experienced  at  Lihirc.  over 
the  entire  range  of  all  variables  investigated,  operation  of  the  disks  with  lubricant  0-o7-22.  a  M1L-L-7808  J  lubricant, 
has  definitely  extended  well  into  the  boundary  lubrication  regime  before  scuffing  failure.  This  confirms  the  eailiei 
findings  in  Reference  1 ,  in  which  it  was  noted  that  a  straight  mineral  oil  failed  as  soon  as  the  operation  moved  Irom 
elastohydrodynamic  into  a  boundary  lubrication  regime.  Two  synthetic  oils,  however,  including  lubricant  0-67-22. 
were  able  to  operate  substantially  into  the  boundary  lubrication  regime  without  failure.  This  being  the  case,  the 
applicability  of  the  lubricant  film  thickness  ratio  as  a  generalized  scuffing  criterion  will  require  more  convincing 
theoretical  and  practical  justification. 

The  critical  temperature,  the  more  popular  generalized  scuffing  criterion,  has  been  found  to  behave  differently 
for  the  belted  and  unbelted  drives.  With  the  unbelted  drive,  the  critical  tempeiat urc  is  clearly  far  from  being 
constant  with  respect  to  any  of  the  variables  investigated  herein.  On  the  other  hand,  the  critical  temperature 
remained  fairly  constant  with  the  belted  drive,  for  which  it  was  only  possible  to  study  the  effects  of  sliding  and  sum 
velocities  over  a  rather  limited  range.  The  nonconstancy  of  the  critical  temperatuie  for  the  unbelted  drtve  with 
respect  to  all  operating  variables,  its  contrasting  belniviors  with  respect  to  the  method  of  drive,  and  especially  its  lack 
of  consistent  behavior  with  respect  to  speed  at  two  different  sliding  to  sum  velocity  ratios,  cannot  be  explained  by 
any  conventional  theoretical  justification  of  the  critical  temperature  hypothesis.  Lven  as  a  strictly  arbitrary  scuffing 
criteria,  its  generalized  relationship  with  all  operating  variables  has  yet  to  be  developed.  This  relationship  cannot  be 
accomplished  with  confidence  without  a  great  deal  of  additional  research. 


APPENDIX  I 

DETERMINATION  OF  CONSTANTS  IN  EQ.  (6) 

Since,  by  definition,  the  disk  friction  torque,  Tf,  as  measured  by  the  two  torquemeters  must  be  equal,  Eq.  (2) 
may  be  subtracted  from  Eq.  (1)  to  give 

Tri-Tr2  =  Tmi+Tm2  (12) 

From  Eq.  (5),  for  the  upper  shaft 

Tmi  =aP  +  bNt  (if  (13) 

and  for  the  lower  shaft 

Tm2=aP  +  bN2(if  (14) 

where 

Tm  i  -  machine-loss  torque  for  upper  shaft,  in.-lb 
Tm2  -  machine-loss  torque  for  lower  shaft,  in.-lb 
A',  -  upper  shaft  speed,  rpm 

N2  -  lower  shaft  speed,  rpm 

and  other  symbols  were  defined  after  Eq.  (5).  Now  substituting  Eqs.  (13)  and  (14)  into  Eq.  (12) 

TV,  -  Tn  =  2aP  +  buf{Nx  +  N2)  (1 5) 

But  Ni  can  be  related  to  N2  by  the  ratio  of  the  shaft  rotational  speeds, S  =  NJN2  ,  so  that  Eq.  (15)  becomes 

T’ri  -  Tr2  -  2aP  +  (S  +  I  )bN2(if  (16) 

To  determine  the  constant  a,  let  S,  N2 ,  and  p,  be  held  constant  and  the  load  be  varied  between  two  values,  say 
P  and  P'.  Then  for  load  P,  Eq.  (16)  gives 

(TV,  -  Tr2)=2aP  +  (S  +  \)bN2lif  (17) 

or  rearranging 

(S  +  1 M, /if  =  (7V,  -  7V2)  -  laP  (18) 

where  (Tri  Tr  2)  «  the  difference  in  torquemeter  readings  corresponding  to  load  P.  For  load  P',  Eq.  (16)  gives 

(7V i  -  Tri)'*  W  +  (S  +  1  )WV2 (if  (19) 


or  rearranging 

(S  +  1  )bN2(if  =  (TV,  -  Tr2)'  -  2 aP'  (20) 

where  (7V,  Tr2 )'  is  the  difference  in  torquemeter  readings  corresponding  to  lojd  P'.  Equating  Eqs.  ( 1 8)  and  (20;. 
and  solving  for  the  constant  a,  one  obtains: 
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(Trl-Trl)'-(Tr i  -Trl) 
2  (P'-P) 


(21) 


To  determine  the  constant  c,  the  data  from  two  runs  are  needed  where  P  and  N2  are  the  same,  but  the  lubricant 
viscosity  is  varied  from  pj  to  p).  Then  for  viscosity  pj,  Eq.  (16)  gives 


(7V,  -Tr2)  =  2aP+(S  +  1  )bN2pj 


(22) 


or  rearranging 


(5+  1  )bN2  = 


(7V. 


-Tr2)-2*P 

Pi 


(23) 


where  ( Tri  -  Tr2)  is  the  difference  in  torquemeter  readings  corresponding  to  the  case  where  viscosity  is  p/.  For 
viscosity  p'j,  Eq.  (16)  gives 


(Tr\  -Tr2)'  =  2aP  +  (S+  \)bN2p)c 


(24) 


or  rearranging 


(S  +  1  )bN2  = 


(7V,  -  7V2)'  -  2 aP 
P‘iC 


(25) 


where  (7V,  Tr2 )'  is  the  difference  in  torquemeter  readings  corresponding  to  the  case  where  viscosity  i»  Equal 
ing  Eqs.  (23)  and  (25)  and  rearranging 


Taking  the  logarithm  of  both  sides 


Pj  \  (Tri  ~  Tr2)  -  2 aP 
Pi)  ~  Wr~-  Tr2)'  -2aP 


(26) 


cS«(4  )=&» 

Pi 


(Tri  -Tr2)-2aP 


(Tri  -  Tr2)'  ~  2 aP 


(27) 


or 


Bn 


(Tri  -  Tr2)  -  2'jP 


[OV,  -  Tn)'  -  2aP] 


Pi 


To  determine  the  constant  Eq.  (16)  may  be  written 


(28) 


_<?r\  Tr2)-2aP 

cv  + 1 

from  which  b  may  be  calculated  since  all  other  quantities  are  now  known. 


(29) 
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APPENDIX  II 

SUMMARIES  OF  TEST  RESULTS 


The  results  of  all  tests  performed  during  this  reporting  period  are  summarized  in  this  appendix.  Each  table 
contains  the  individual  results  of  a  series  of  replicate  tests  conducted  under  one  set  of  conditions,  as  well  as  the 
average  results  of  the  series.  Summaries  of  the  results  of  Series  I  through  Vli.  i  onducted  with  lubricants  B,  0-64-2. 
and  0-67-22,  together  with  Batch  A  of  AMS  6260  steel  test  disks,  were  presented  in  a  previous  report.^1)  This 
appendix  presents  only  the  results  of  Series  VIII  through  X'.’UI,  conducted  with  lubricant  0-67-22  in  combination 
with  Batch  B  of  AMS  6260  steel  test  disks. 

The  break-in  and  test  conditions,  as  well  as  other  pertinent  details  about  each  series,  are  shown  at  the  top  of 
each  table.  Unless  otherwise  specified,  the  series  was  conducted  in  an  air  environment  and  with  the  unbelted  drive 
system. 

Break-In  Conditions.  As  is  customary ,  the  break-in  process  involves  operating  the  test  disks  through  a  step-load 
sequence,  at  a  sufficiently  low  lubricant  jet  temperature  and  at  sufficiently  low  sliding  and  sum  velocities,  in  such  a 
manner  that,  while  no  scuffing  should  occur  during  the  break-in,  the  final  or  maximum  break-in  load  should  be 
higher  than  the  anticipated  scuffing  failure  load  to  be  obtained  later  during  the  test.  The  rationale  behind  this 
procedure  is  that  if  the  failure  load  obtained  during  test  should  be  higher  than  the  maximum  break-in  load,  then  the 
failure  could  occur  at  the  edge,  i.c.,  on  the  outside,  of  the  broken-in  track  so  that  this  failure  load  could  be  lower 
than  it  would  have  been  had  it  occurred  inside  of  the  broken  in  track.  We  have  followed  this  break-in  procedure 
throughout  this  program,  but  have  found  that  edge  failures  still  occasionally  occur.  These  edge  failures  arc  believed 
to  be  caused  by  the  shape  of  the  constriction  in  the  conjunction  due  to  the  effect  of  side  flow'  in  the  conjunction. 

As  shown  at  the  top  of  the  tables,  all  break-ins  were  conducted  at  the  same  lubricant  jet  temperature  of  lK)T. 
However,  the  break  in  speed  conditions  and  the  load  schedule  were  not  strictly  the  same  for  all  series.  In  the  interest 
of  brevity,  the  break-in  load  schedule  is  shown  in  an  abbreviated  form  For  example,  the  notation  -I  X  300(15) 
indicates  four  load  steps  of  300-lb  increments,  each  step  being  run  for  15  min. 

For  Series  VIII  and  IX.  the  break-in  conditions  were  identical.  The  maximum  break-in  load  of  12001b 
exceeded  all  observed  failure  Uiads.  When  Series  X  was  begun,  the  same  load  schedule  and  speed  conditions  were 
used  for  Test  B24.  In  this  test,  failure  occurred  at  900  lb.  which  is  less  than  the  maximum  break-in  load  of  1 200  lb. 
For  the  next  two  tests,  B25  and  B26,  the  failure  load  exceeded  this  maximum  break-in  load.  It  appeared  from  the 
observed  failure  loads  that  a  3000-lb  maximum  break  in  load  might  be  more  appropriate.  Hus  3000-lb  load  was 
implemented  for  Test  B27.  however,  the  shaft  speeds  had  to  be  increased  to  prevent  the  disks  from  chattering  at  the 
high  loads.  In  the  next  attempt  at  break  in  (Test  B28.  which  was  discarded),  the  disks  scuffed  at  the  3000-lb  load, 
even  with  the  increased  shaft  speeds.  It  was  then  decided  to  reduce  the  maximum  break-in  load  to  2000  lb,  but  to 
continue  using  the  higher  shaft  speeds.  From  Test  B29  on.  the  break-in  was  standardized  with  1^  =  47  ips,  1',  -  141 
ips.  with  a  maximum  break  in  load  of  20001b  achieved  in  four  increments  of  5001b.  each  run  for  15  min.  No 
difficulties  were  encountered  with  break-in  thereafter. 

Test  Conditions.  The  test  conditions  were  varied  for  each  series  as  noted  at  the  top  of  each  table.  However,  the 
test  load  schedule,  designated  as  50(3)  herein,  was  the  same  throughout  the  tests.  After  the  speed  conditions  were 
reached,  increments  of  501b  of  load  were  applied,  allowing  3  min  at  cadi  load  step  »o  achieve  equilibrium,  until 
scuffing  failure  was  detected  by  the  operator.  The  “Mode"  column  m  the  tables  shows  the  mode  or  indication  of 
failure  (CR  for  contact  resistance.  T  for  torque  increase).  Each  failure  was  verified  by  visual  inspection  after  stopping 
the  test. 

Other  Symbols.  As  for  the  various  quantities  tabulated,  most  have  already  been  discussed,  and  all  are  defined 
in  the  List  of  Symbols  The  metal  monitor  rcadiug(mm)  is  shown  before  break -m  (BBI).  after  break-m  (AB1).  and 
after  test  (AT).  The  first  value  is  for  the  upper  disk  and  the  second  is  for  the  lov.er  disk.  The  metal  monitor  reading 
itself  does  not  yield  any  quantitative  information  about  ilu  .haracter  of  the  disk  surface,  but  a  change  in  metal 
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monitor  reading  may  suggest  a  change  in  the  surface  qualities  of  the  disks/ For  example,  the  formation  of  a  surface 
film  due  to  chemical  reaction  between  the  lubricant  and  metal  surface  can  generally  be  detected  by  a  change  in  the 
metal  monitor  reading. 

The  tables  also  show  the  composite  surface  roughness  of  the  pair  of  disks  before  break-in  (6,),  after  break-in 
(6a),  and  after  failure  (5 y),  as  well  as  the  film  thickness  ratios  at  the  end  of  break-in  (Am)  and  at  failure  (Amy). 
Details  of  calculations  are  given  in  Reference  1.  It  should  be  pointed  out  that  the  film  thickness  ratio  at  failure,  as 
used  in  this  report,  has  been  calculated  using  the  composite  surface  roughness  after  break-in.  This  quantity  should 
preferably  be  based  on  the  composite  surface  roughness  just  before,  rather  than  after,  failure  since  it  is  intended  to 
indicate  the  degree  of  asperity  interaction  occurring  just  before  failure.  Moreover,  in  most  cases,  the  scuffing  failure 
extends  completely  around  the  periphery  of  the  disks  so  that  8f  is  usually  higher  than  5a  and  cannot,  in  general,  be 
accurately  measured.  Therefore,  rather  than  using  the  questionable  &f,  the  tabulated  Amy  has  been  calculated  using 
5a  in  all  cases. 
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TABLE  V.  SUMMARY  OF  RESULTS  FOR  SERIES  VIII 


Test  lubricant:  0-67-22 
Test  disks:  AMS  6260  (Batch  B) 

Break-in  conditions:  Tj  -  90°F,  V$  =  24  ips,  V*  =  70  ips,  4  X  300(15) 
Test  conditions:  Tj  =  140°F,  Vs  =  630  ips,  Vt  =  1050  ips.  50(3) 
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TABLE  VI.  SUMMARY  OF  RESULTS  FOR  SERIES  IX 

Test  lubricant:  0-67-22 
Test  disks:  AMS  6260  (Hatch  H) 

I) teak-in  conditions:  Tj  =  90°F,  Vs  =  24  ips,  Vt  =  70  ips, 4  X  300(15) 
Test  conditions:  Tj  =  I90“F,  Vs  =  630  ips,  V,  =  1050  ips,  50(3) 
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TABLE  VII.  SUMMARY  OF  RESULTS  FOR  SERIES  X 


Test  lubricant:  0-61-22 
Test  disks:  AMS  6260  (Batch  B) 

Bieak-in  conditions:  Ti  =  90°F,  Vs  =  47  ips,  V,  =  141  ips,  4  X  500(15) 
Test  conditions:  Tj  =  190°1;,  Vs  =  350  ips.  V,  =  1050  ips,  50(3) 
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TABLE  VIII.  SUMMARY  OF  RESULTS  FOR  SERIES  XI 

Test  lubricant:  0-67-22 
Test  disks:  AMS  6260  (Batch  B) 

Break-in  conditions:  Tj  =  90°F,  Vs  =  47  ips,  V,  =  141  ips,4  X  500(15) 
Test  conditions:  Tj  =  190° I-',  V,  -  450  ips,  V(  =  1050  ips,  50(3) 
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TABLE  IX.  SUMMARY  OF  RESULTS  FOR  SERIES  XII 

Tost  lubricant:  0-67-22 
Test  disks:  AMS  6260  (Batch  B) 

Break-in  conditions:  Tj  =  90°F,  Vs  =  47  ips,  Vt  =  141  ips,  4  X  500(15) 
Test  conditions:  Tj  =  190°l-\  Vs  =  350  ips.  V,  =817  ips.  50(3) 
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TABLE  X.  SUMMARY  OF  RESULTS  FOR  SERIES  XIII 

Test  lubricant:  O  67-22 
Test  disks:  AMS  6260  (Batch  B) 

Break-in  conditions:  Tj  =  90°I\  Vs  =  47  ips.  Vt  =  141  ips.  4  x  500(15) 
Test  conditions:  Tj  =  190'K  Vs=  350  ips.  V,  =583  ips. 50(3) 
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TABLE  XI.  SUMMARY  OF  RESULTS  FOR  SERIES  XIV 


Test  lubricant:  0-67-22 
Test  disks:  AMS  6260  (Batch  B) 

Break-in  conditions:  Tj  =  90°F,  Vs  =  47  ips,  Vt  =  141  ips,  4  X  500(15) 

Test  conditions:  Tj  =  190°F,  Vs  =  450  ips,  V,  =  1050  ips,  59(3),  nitrogen  environment 


mm 

Before  break* in 

At  end  ot  break-in 

Ai  failure 

no 

BBI 

\BI 

AT 

m 

m 

n 

KB 

1231 

H 

El 

mm 

m 

El 

hi 

pin. 

A* 

mm 

El 

El 

El 

13 

B1 

1.2/00 

20>1.0 

0  5/0  0 

9.9/1 1.4 

21.3 

14.1 

5.1 

166 

in 

0  70 

0  022 

600 

5276 

195 

240 

151 

391 

ill 

0.8/ 1.0 

1.0/ 1.5 

0  5/0  5 

9  1/14  1 

23.2 

14.3 

5  1 

0  36 

18  8 

108 

0  76 

0  023 

250 

2943 

193 

220 

100 

320 

ILU 

1,2/0  5 

1.5/1. 8 

10/1.0 

12.3/11  6 

23  9 

lU 

5.2 

0  34 

19.3 

10  1 

0  67 

0  023 

500 

4672 

I9* 

230 

143 

373 

CR.T 

B72 

3. 0/2.0 

3  2/2  5 

2  0/1.8 

11.2/11.9 

23.1 

ii»r 

5.1 

0  32 

20  4 

10  8 

0  67 

0019 

300 

3323 

192 

210 

93 

303 

CR.T 

B73 

1.2/1. 2 

1. 8/1.5 

1.5/10 

13.5/11.4 

24.9 

1*6 

5  1 

189 

wfilil 

0  69 

0  024 

550 

4978 

194 

230 

155 

385 

CR.T 

B76 

1. 0/1.5 

1. 2/1.0 

1. 0/0.5 

13.0/100 

23  0 

136 

5.5 

19  1 

104 

0  76 

0018 

400 

4026 

193 

220 

101 

321 

CR.l 

B77 

3.I/2.5 

26/2.5 

2.3/ 1.8 

9.2/15.7 

25.4 

1M 

5.2 

0  36 

17  1 

10  3 

0  72 

0019 

450 

4355 

193 

220 

112 

330 

CR.I 

B78 

1.6/1. 2 

1. 5/2.0 

1. 0/2.0 

8  4/5.8 

14.2 

130 

52 

0  40 

17.2 

im 

0  79 

0019 

500 

4672 

193 

216 

118 

334 

CR.l 

B79 

1  8/1.0 

1.0/1  5 

1.0/0  5 

S  8/14.4 

rml 

12  1 

5  3 

0  44 

17  1 

10  5 

0  86 

0017 

450 

4355 

191 

200 

99 

299 

CR.l 

B80 

0  5/0  5 

1.5/1. 2 

0.5/0  5 

104/11.1 

m 

146 

53 

f'-g 

189 

98 

0  67 

0020 

550 

4978 

19? 

260 

135 

395 

CR.T 

Average 

106/11.7 

m 

m 

ESI 

m 

m 

0  73 

ESI 

i a 

m 

M 

BH 

Std.dev 

1  8/2.7 

D 

n 

di 

EES 

D 

10 

006 

EH 

n 

Q 

11 

□ 

♦Bated  on  4,. 

TABLE  XU.  SUMMARY  OF  RESULTS  FOR  SERIES  XV 


Test  lubricant:  0-67-22 
Test  disks:  AMS  6260  (Batch  B) 

Break-in  conditions:  Tj  =  90°F,  Vs  =  47  ips,  Vt  =  141  ips, 4  X  500(15) 

Test  conditions:  Tj  =  190’F,  Vs  =  350  ips,  Vt  =  1050  ips,  50(3).  belted  drive 
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TABLE  XIII.  SUMMARY  OF  RESULTS  FOR  SERIES  XVI 


Test  lubricant:  0-67-22 
Test  disks:  AMS  6260  (Batch  B) 

Break-in  conditions:  Tj  =  90°F,  Vs  =  47  ips,  Vt  =  141  ips, 4  X  500(15) 

Test  conditions:  Tj  =  tOO0!-'.  Vs  =  450  ips,  V,  =  1050  ips.  50(3).  belted  drive 
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TABLE  XIV.  SUMMARY  OF  RESULTS  FOR  SERIES  XVII 


Test  lubricant:  0-67-22 
Test  disks:  AMS  6260  (Batch  B) 

Break-in  conditions:  Tj  =  90°F.  Vs  =  47  ips,  Vt  =  141  ips,  4  X  500(15) 

Test  conditions:  Tj  =  190“I;.VN=  350  ips,  Vt  =817  ips, 50(3),  belted  drive 
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TABLE  XV.  SUMMARY  OF  RESULTS  FOR  SERIES  XVIII 


Test  lubricant:  0-67-22 
Test  disks:  AMS  6260  (Batch  B) 

Brcak-in  conditions:  Tj  =  90°F,  Vs  =  47  ips,  Vj  =  141  ips,  4  x  500(15) 

Test  conditions:  Tj  =  190°F,  Vs  =  200  ips.  V,  =  600  ips.  50(3).  belted  drive 
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